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I.  Radiation Transfer and Charge Particle Transport In Ionized Gases 

Project Coordinator:. A. C. Phelps 

Plasma Sp^ctroscony (Dr. J. Cooper) 

During the last few months we hav« -ade considerable progress, 

both theoretically and experimentally, in the understanding of the inter- 

action of radiation with matter and in particular spectral line broaden- 

ing. 

For conciseness these advances will be listed.  Firstly, the ex- 

perimental program: 

(1) Experiments on the Van der Waal's broadening of Cs and Si lines 

by Ar and Ne In a conventional pressure-driven shock tube have been com- 

pleted.  These show the inadequacy of using a simple 1/r potential in 

the theory, since discrepancies of greater than two are found.  Also, 

18  —3 
we expect to obtain high electron densities (^ 10  cm ) at low tem- 

peratures (60ü0oK) for Stark broadening and other experiments by adding 

a cesium compound as an aersol In this shock tube. 

(2) Using a parallel-plate accelerator broadening by electrons of 

2 
Ar II and Ca II lines has been measured.  These results, where compar- 

ison Is possible, agree well with other investigations. However, for 

Ca II, H and K lines the disagreement with the precise quantum-mechanical 

3 
calculations of Barnes and Peach is  a factor of about two.  Agreement 

4 
Is in fact better with scmi-classlcal calculations using hyperbolic 

paths. 

(3) The hcat-plpe oven developed In collaboration with C. R. Vldal 

of the NBS Quantum Electronics Division is being used by a number of in- 

vestigators for vacuum ultraviolet and other spectroscoplc applications. 
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We have used it to measure collislonally induced fluorescence of the Li 

molecule, and have designs to use the heat-pipe oven principle to make 

metal vapor lasers and other applications. 

(4) A theta-pinch with an internal C-strap is being developed as a 

high temperature continuum light source.  Effective temperatures of 2 ysec 

durat^-uii in excess of 50,000oK have already been achieved. 

The following are considered to be important advances in the theo- 

retical program: 

(1)  Calculations of the broadening of hydrogen lines by electrons 

9-11 
and ions using the "Unified theory" which we have developed    in colla- 

* 

boration with E. W. Smith and C. R. Vidal of the NBS Quantum Electronics 

Division give extremely good agreement between theory and experiment.  Ex- 

tensive tabulation of hydrogen Balmer and Lyman lines are now in prepara- 

tion.  The effect of time-ordering in these calculations has hpen vhmm 

14 
to be relatively unimportant.   The techniques of the Unified theory are 

now being used to investigate broadening due to neutral atom collisions, 

with specific emphasis on line wing behavior. 

(2) Work in collaboration with E. W. Smith at NBS and Dr. W. Chappell 

of JILA relating the satellites seen on forbidden lines In helium to 

plasma turbulence has shown a direct correspondence between the profile 

12 
and the turbulent spectrum.   This is very important for diagnosis of 

high temperature plasmas (the Russians in particular have a large effort 

in this field). More recently we have been able to relate the low fre- 

quency turbulence (specifically the autocorrelation function of the ion 

13 
fields) to the actual shape of the forbidden line itself. 

(3) A quantum-mechanical theory of line broadening which takes into 

account the sotlon of the radiator and give« correlations bet'..'ocn or- 

dinary collision broadening and Dopplcr broadening (including "colli- 
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sional narrowing") has been developed ' in collaboration with E. W. 

Smith and others. Our results are essentially in agreement with those 

of Berman and Lamb,  although their theory applies primarily to lasers 

and different techniques were used. We are investigating a semi-class- 

18 
ical interpretation of this theory,  and deviations from a Voigt profile 

of Van der Waals broadening under conditions of astrophysical interest 

are being considered. Using these techniques developed to handle Doppler 

effects, in ccnjunction with the Unified theory, it is hoped to obtain 

an improved formulation for the scattering of radiation under conditions 

when collisions are Important.   , 

(4)  For the Stark broadening of isolated ion lines in the classical- 

path approximation rather complicated functions are required, since the 

trajectories are hyperbolic. These functions have been evaluated in 

collaboration with G. K. Oertel of NASA and a computer program is now 

available.  Calculations of Stark broadening using this program are 

underway.*■ Similar cl.issical-path function? for the broadening of neu- 

tral lines but with a Debye-shielded interaction potential have also to 

be evaluated. 

1. John Evans, Thesis, University of Colorado, 1970. 

2. Scott Hildum, Thesis, University of Colorado (in preparation). 

3. K. S. Barnes and G. Peach, J. Phys. B 3, 350 (1970). 

A.  J. Cooper, U. Palmer, and G. K. Oertel, JILA Report No. 105 (October, 

1970). 

5. C. R. Vldal and J. Cooper, J. Appl. Phys. 40, 3370 (1969). 

6. D. L. Ederer, T. Luc^torto, and R. P. Madden, Phys. Rov. Letter« 

25, 1537 (1970). 

7. M. H. Hessel, Phys. Rev. Letters 26, 215 (1971). 

8. C. R. Vidal (to be published). 
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9. E. W. Smith, J. Cooper, and C. R. Vidal, Phys. Rev. 185, 140 (1969). 

10. C. R. Vidal, J. Cooper, and E. W. Smith, J.Q.S.R.T. 10, 1011 (1970). 

11. C. R. Vidal, J. Coo^sr, and E. W. Smith, J.Q.S.R.T. (in press). 

12. W. R. Chappell, J. Cooper, and E. W. Smith, J.Q.S.R.T. 10, 1195 

(1970). 

13. E. W. Smith, J. Cooper, and W. R. Chappell (to be published). 

14. T. Godfrey, E. W. Smith, J. Cooper, and C. R. Vidal, Phys. Rev. 

(in press). 

15. E. W. Smith, J. Cooper, W. R. Chappell, and T. Dillon, I (to be 
* 

published). 

16. E. W. Smith, J. Cooper, W. R. Chappell, and T. Dillon, II (to be 

published). 

17. f,  R. aerman, and w. i« Lamb, Phya. Rev. A 2_, 2433 (1970). 

18. John Ward, Thesis, University of Colorado (In preparation). 

19. J. Cooper, S. Klarsfeld, an-i G. K. Oertel, JILA Report No. 107 

(in press). 

Scattering and Transport of Resonance Radiation (Dr. A. V. Phelps) 

An essential step in the study of the scattering and transport of 

resonance radiation in gases is the accurate characterization of the 

profiles of the resonance lines.  During the period of this report we 

have been assembling apparatus for use in measurements of the absorp- 

tion profiles of the lines of the first resonance doublet of potassium. 

Thus far, vc have assembled a vacuum system, filled an absorption cell 

with potassium, built an oven for use with the coll, and modified a 

cooled photocul'iplier mount. Ve arc currently realigning a BenocUro«1 

mator.  It is expected that most of the essential absorption profile 
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data for potassium will be obtained during the next report period.  In 

addition, parts are being ordered for use in the construction of a dye 

laser. This laser will include the Lyot filter developed at JILA by 

Walther and Hall and will be used for measurements of the spectral dis- 

tribution of the scattered light which results when the resonance state 

is excited with monchromatic radiation.  It is expected that construction 

of this laser will be completed during the next period. 

Radiation Transfer (Dr. D. G. Huijmet) 

Transfer in non-planar geometries. The major emphasis of work in 

this project has been two-fold: (1) to develop practical computational 

methods for the solution of radiative transfer equations under non-LTE 

conditions in geometrical configurations other than plane-parallel 

slabs, and (2) to recognize and understand the basic features of the 

radiation field in such geometrical configurations which are character- 

istic of that particular geometry. 

The simplest, and in many ways most important, non-plane geometrical 

configuration is the spherically-symmetric system. Although such systems 

have been studied for many years, prior to the work of Chapman an Impor- 

tant feature of these problems vas unnoticed, namely that the radiation 

field became sharply outward peaked for large radii. Because this basic 

property was not accounted for, the asymptotic results first obtained 

2 
by Chandrasekhar as well as many subseqiunt calculations are quailta- 

ttvcly es well as quantitatively wrong. 

Under this project, Huncner and Ryblckl developed an efficient 

procedure for salving this class of problem for an arhitrarv dependence 
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of opacity with radius.  The basic idea is to retain only the first 

two moments of the transfer equation, which involve the first three 

moments of the intensity, namely J(r), F(r) and K(r).  Then if some 

closure conditions sav that f(r) * K(r)/J(r) is assumed to be known 

at each point, then the moment equation can be solved if a boundary 

condition is available.  The familiar Eddington approximation is one 

such choice (f=l/3) but this completely fails to account for the out- 

ward peaking of radiation field mentioned above.  Recently, in the de- 

fense Industry, calculations have been performed using an approxi- 

mate a priori specified function f(r). Hummer and Rybicki have deter- 

mined f(r), which is called ►   triable Eddington factor, iteratively, 

by alternating between the momert equations and the formal solution 

3 
evaluated by an extension of the procedure due to Fcatrier,  using a 

coordinate system capable of renresenting the  outward-peaking in a non- 

singular way.  This non-linear iteration scheme was found to converge 

uniformly and very rapidly, so that three iterations gave an accuracy 

of better than 1%. The asymptotic behavior of ilie radiation field was 

discussed in considerable detail, as were eome useful approximate solu- 

tions.  An account of this work has been submitted for publication In 

the Monthly Notices of the '»oyal Aslronomic.il Society. 

Subsequently, Cassinelll and Hummer have generalized the method of 

Humnor and Rvbicki to treat non-conservative orobloms and linoarlv 

polarized radiation.  This vork shows that radiation emitted at large 

angles to the normal is very strongly polarized as a consequence of the 

strong outvard-ncaking of the radiation. An account of this work is 

being prepared for publication in Monthly Notices. 
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It appears that the general technioue of iterational determination 

of a closure condition for moment equations should be valuable for 

other problems, including transfer problems in general three-dimensional 

geometries.  Investigation of these possibilities is high on our list of 

priorities. 

General frequency redistribution in soectral line formation.  For 
 1  

an accurate treatment of the transfer of line radiation in a low den - 

sity gas, it is necessary to solve the transfer equation taking into 

account the changes in frequency of a photon as it is scattered.  The 

relation of the Incident and final frequencies and directions is speci- 

fied by the so-called redistribution function; the specification of 

these functions for particular broadening mechanisms has been discussed 

by Hummer. 

Because of our Interest in developing a model for transfer in a 

turbulent "clumpv" medium, in which one first determines the spectral 

response of a clump or cloud to an Incident photon given frcquencv, 

and then considers a gas of such clouds, thus minimizing the behavior 

of the atoms In a real gas, it became essential to be able to perform 

calculations of the type described in the preceding paragraph In an 

efficient manner.  Some solutions had been obtained earlier bv Hummer, 

but a more general approach was indicated. To this end, Adams, Hummer 

and Rybicki developed a very fast generating procedure for the redis- 

tribution function appropriate for combined natural and Doppler 

broadening (the so-called R . function).  They further developed a re- 

presentation of the frequency dependence of radiation field in terms of 

the so-called "spline functions" that was capable of efficiently handl- 

ing tiie very large bat.U widths characteristic of problems of this type. 
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This novel approach should be very useful in a wide variety of other 

transfer calculations.  An a count of this work is now in press in the 

Journal of Quantitative Spr;troscopy and Radiative Transfer. 

Dr. Adams has orepared a package of conputer programs to generalize 

the coefficients needed in the spline function representation for the 

function R— and to solve the transfer problem for this situation in a 

plane-paiallel geometrv in which all atmospheric parameters can be arbi- 

trary functions of depth. This program has been used so far primarily 

to study the penetration of an external field into a slab and no inves- 

tigate the theoretically interesfing question of the mean number of 

scatterings experienced by a typical photon.  The application to the 

cloud model has had to be shelved tempoiarily for lack of support. 

Radiative transfer with the miRraticn ofexcited atoms. The re- 

cent experimental investigations by Phelps and Then on the transfer 

of the first resonance line in cesium vapor have indicated the importance 

of the migration of excited atoms as an energy transfer mechanism com- 

petitive with and closelv related to radiative transfer. An analysis of 

this and similar experiments offers the opportunity of Inferring rnqmen- 

tum transfer cross sections between excited states and ground state atoms. 

An analysis by Hummer of this problem produced a computationally exact 

solution of the problem in which the transfer of energy by radiation and 

by the motion of the excited atoms was treated simultaneously and on the 

same footing. Mr. Kunasz has prepared a very flexible computer program 

based on this analysis and its application to the interpretation of ex- 

perimental data will begin shortly. 
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Basic mathematical functions of spectral line formation, ^"or many 

laboratory and engineering anolications involving the transfer of res- 

onance radiation, five basic functions defined in terms of integrals over 

the absorption coefficient an^ exoonential and exponential-integral func- 

tions are necessary. The evaluation and tabulation of these functions 

in a systematic and practical wav continues as a low-priority background 

project. A pilot calculation for the Lorentz profile has been successfully 

completed (at very little cost) and tables made available privately to in- 

terested users.  It Is planned to extend this work to include a number of 

Voigt profiles before publishing All of these functions in a convenient 

tabulation. 

1. P.. D, Chawan A.stronh,,'s J. 143 ^1 ^1966^ 

2. S. Chandrasekhar, Mon. Not. Roy. Astr. Soc. 149, 65 (1934). 

3. P. Feautrier, Compt. Rend. Acad. Sei. Paris 258, 3189 (1964). 

A. D. G. Hummer, Mon. Not. Roy. Astr. Soc. 1^25, 21 (1962); in Second 

Harvard-Smithsonian Conference on Stellar Atmospheres, p. 13, Smith- 

sonian Astrophyslcal Observatory Special Report No. 174 (1965); Mon. 

Not. Roy. Astr. Soc. 141, 479 (1968). 

5. D. G. Hummer, Mon. Not. Roy. Astr. Soc. 145, 95 (1969). 

6. A. V. Phelps and C. L. Chen, Office of Naval Research Yearly Sum- 

mary Technical Report, Basic Plasraa Processes (1969). 
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Plasma Statistics (Dr. W. E. Brittin and Dr. W. R. Chappell) 

Dr. Chappell has continued his work on weakly ionized plasmas. 

During this period a paper on electron diffusion in weakly ionized 

cases was written in collaboration with Dr. Williams of N.O.A.A.  As 

in the unmagnetized case a correction to Weinstock's work was obtained 

arising from collective interactions.  The previous paper on the unmag- 

netized case has been accepted for publication by Physics of Fluids and 

will appear in the near future. Experimental result's obtained in the 

2 
last few months by workers at N.O.A.A.  show a remarkable agreement with 

our theory and indicate that the measurement of the density autocorre- 

lation function by means of two electrostatic probes may provide a sen- 

sitive diagnostic tool.  The paper on the magnetized case has been sub- 

mitted to Thysics of Fluids.  Experiments relating to the magnetized 

case will be begun at N.O.A.A. in the near future. 

1. J. Weinstock, Phys. Fluids 8, 479 (1965). 

2. K. Geisler and R. Greenwald, (private communication, 1971). 
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II.  lonlzatton Kinetic and Reaction Rates 

Project Coordinator: Or. If. C. Lineberger 

lonizatlon Kinetics (Dr. V. C. Lineberger and Mr. T. A. Patterson) 

The initial results of the near threshold I photodetachment mea- 

surements have been published in Physical Review Letters.  Our rather 

qualitative coupling schene required to explain the relative strengths 

of the various fine structure transitions has been confirmed by much 

more elaborate calculations of Rau and Fano at the University of Chicago. 

Their calculations als^ indicate the possibility of finding resonances 

in the photodetachment cross section resulting from electron-atom in- 

teractions. This possibility will be pursued in a series of high res- 

olution measurements using the Lyot filter developed by Weither and 

2 
Hall at JILA. To accomplish this tas' , we have constructed a new, 

better engineered flash lamp-pumped dye laser to be utilized with a Lyot 

filter. In order to make use of this high resolution, it has also be- 

come necessary to significantly automate our previously rather crude 

data acquisition system.  These systems are substantially completed, 

and are currently in the process of being checked out. We anticipate 

significant results during the next six months. 

The nitrogen laser-pumped dye laser has been used to study photo- 

detachment of N0_  in the photon energy range 2 to 3 eV. The photode- 

-20  2 
tachment cross section at 2 eV is small (^ 2/10   cm ) but not zero. 

This result does not imply, however, that the. electron affinity of NO. 

is less than 2 eV, for it presently appears that photodetachment at 

2 eV is occuring from excited vibrational states of NO-. We can not 

at present identify the structure In the cross section, and thus are 

unable to resolve the question of the electron affinity of NO.. 
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The 35 k? nitrop.»*n laser has now been corolcted and Is fullv oocra- 

tlonal. The output power is 1-2 MW In "vlO usec pulses, with a repetition 

rate of 10 pulses per second. The laser appears to be reliable, and Its 

performance is as good as expected, based upon extrapol&'-ions from our 

smaller SL laser. A description of this work is being prepared for sub- 

mission to the Review of Scientific Instrument«. 

The R- laser-pumped dye laser is being currently utilized in a 

series of molecular fluorescence studies <n collaboration with Dr. H. M. 

Poland. We are studying intramolecular energy transfer in intermediate 

size molecules such as glvoxal. These experiments are prcsentlv in a 

preliminary stage, but results are expected shortly. 

We have looked briefly at the photodetachment of CN~ using the N. 

laser directly. This experiment showed that the ohotodetachment thres- 

hold for CN~ is greater than 3.68 eV. While more detailed studies must 

await the development of a source of more energetic ohotons, it is clear 

that CN is among the most stable negative ions known, and mav be a 

"tsrmlnal" negative ton in certain types of atmospheres. 

1. W. C. Lineberger and B. W. Woodward, Phys. Rev. Letters 2^5, A2A (1970). 

2. H. Walther and J. L. Hall, Appl. Phys. Letters L7» 239 (1970). 

Molecular Dissociation Processes (Dr. L. J. Kicffcr) 

The msjor results of our recent vork particularlv the thesis research 

1 2 
of Dr. R. J. Van Brunt were reported in two publications.    It appears 

as though the angular distribution of molecular fragments yields an un- 

amblpuous assipnr.ont of the sycanetry of the repulsive molecular state 

involved in dissociative electron attach—nt whereas for the dissocia- 

tive ionization process this was not the case. The results of measure- 
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roencs of the angular distribution of positive ion fragments from H. and 

ü7 showed that for these lieht molecules molecular recoil was very impor- 

tant. Whether the ambiguity of the results for H, and D_ is due to some 

basic theoretical problem or some peculiarity in the structure of H. 

and \>)    is not clear. 

We have recently turned our attention to the dissociative ioniza- 

tion process e+O.-^O +0+ 2e. Dr. George Lawrence, a JILA-LASP 

Visiting "cllow, participated in these exneri^ents. The energy spec- 

trum of the fast 0 ions observed with our apparatus was compared with 

' 3 that observed by dissociative photoionization.  The agreement was 

reasonable considering the energy resolution of the two experiments. 

This may imply that the same repulsive states of O. are excited both 

uy  elewltw.» *»Z  fkitSUt,     The WfSSttT?  =f the tSfVlCiTI 0»  »tlit«f 1«- 

volved are not known. Observations of the angular distribution of the 

0 fragments may vield some information on the symmetries but our ex- 

perience with H and D. would imply that great caution must be observed 

in interpreting the results. Preliminary data indicate that it may be 

possible to observe the angular distribution of very low energy 0  ions 

(E < 1.0 eV). These experiments are proceeding. 

1. R. J. Van Brunt and L. J. Kleffcr, Phys. Rov. A 2, 1293 (1970). 

2. R. J. Van Brunt and L. J. Kieffer, Phvs. Rev. A 2,  1899 (1970). 

3. P. H. Boollttle, et al.t J. Chem. Phys. 49. 5108 (1968). 

Atonic Collisions Inforpatlon Analysis Center (Dr. L. J. Kieffer) 

A data bank of experimentally reasured low cnerpv electron colli- 

sion cross scclior.r. exists and Is hcin" kept "p to date.  Cross section 

data for all atomic species and thofe molecules of interest to aeronomy, 
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astrophyslcs and plasma physics are included.  Data are selected for the 

data bank on the basis of previous and current critical reviews of the 

appropriate measurement techniques.  Data are stored on magnetic tape 

and microfilm copies of graphical displays of all the data in the data 

bank are available in the Information Center. Graphical displays or 

data in tabular form are available on request. Compilations of these 

data are published in the open literature when aporopriate. 

A data bank of experimental photoabsorption and photoionization 

cross sections for all atomic species has the same status as the elec- 

tron collision cross section data bank. Data are available on request. 

A bibliography on photoabsorption and photoionization data has been 

2 3 
issued in report form.  In addition, a compilation of atomic data 

A 
MM w»,It;w«l »w.lc- cZ  i^lccular phctsabscrptlor. cr~?5 «•-tl«« iafn 

have been accepted for publication. 

1. L. J. Kleffer and G. H. Dunn, "Electron Impact lonization Cross- 

Section Data for Atoms, Atomic Ions, and Diatomic Molecules: I. 

Experimental Data," Rev. Mod. Phys. 38, I (1966); B. L. Moiseiwltsch 

and S. J. Smith, "Electron Impact Excitation of Atoms," Rev. Mod. 

Phys. 40, 238 (1968): B. Bedcrson and L. J. Kleffer, "Total Elec- 

tron-Atom Collision Cross Sections — A Critical Review," (to be 

submitted for publication). 

2. R. D. Hudson and L. J. Kieffer, "Bibliography of Photoabsorption 

Cross SecUon Data," JILA Information Center Report No. 11 (Sept., 

1970) 45 pp. 

3. R. D. Hudson and L. J. Kieffer, "Compilation of Ultraviolet Photo- 

absorption frcr.s Sections for ktr"*s betvpT 1000 and 10 A," Atomic 

Data (to appear, Sept. 1971). 
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».  R. D. Hudson, "Critical Review of Photoabsorption Cross Sections 

for Molecules of Astrophysical and Aerononic Interest," Reviews of 

Geophysics and Space Physics (to appear, April 1971). 
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III. Electron Energy Losses and Atoclc Interaction Theory 

Project Coordinator: Dr. E. C. Beaty 

Electron Energy Lossec (Dr. E. C. Beaty, Dr. C. Opal, Mr. W. K. Peterson) 

The energy distribution and angular dependence of secondary elec- 

trons generated by the Impact of electrons on He, Ne, Ar, Bf, Xe, H_, N., 

0., NO, CO, HO, NH., CH , C.H., and CO have been measured over the A to 

200 eV range. The measurements were made In a crossed-beam apparatus with 

the use of a fixed hemispherical electrostatic analyzer and a rotatable 

electron gun. The observed spectra were Integrated over angle to obtain 

relative cross sections for secondary-electron production.  It was found 

that the spectra of all the gases (except Ar, Kr, and Xe, which contain 

Intense electron emission features in this energy range) could be described 

by the toiiowlng simple lunciiou 

E 
8,2.1, 

p s     p 
o(E^,Ej - o(E-,0)/[J> + (-£■)'•']  ; 

o(F. ,0) is the cross section for an electron of primary energy E  emit- 
P «    '    •"  p 

ting an electron of zero energy. This can be related to the total loniza- 

tlon cross section providing a means of normalizing our data.  E is a char- 

acteristic energy which depends on the gas type but is Independent of  R 

and is only weakly dependent on E  for He, 0« and N. Although the spectra 

of the other gases have not been investigated at different primary cnorglfs, 

it seems likely that this single functional form would describe the secon- 

dary spectra for a particular gas at all primary energies greater than a 

few times the icnization potential.  Table I shows how the characteristic 

energy, S, depends on primary encrgv I  for N'e, N,, and 0„.  Table II 
P 4. i 

gives the values of E for the other gases at 500 eV. 
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Table I. Dependence of shape parameter (E) on primary energy (E ). 

Gas EP 
E 
max 1 

(eV) (eV) (eV) 

100 33 15.A 

200 67 15.5 

300 100 15.9 

500 167 16.4 

500 200 15.8 

1000 200 17.3 

2000 200 17.6 

100 33 12.7 

200 67 12.7 

300 100 13.3 

500 167 13.2 

500 200 13.0 

1000 200 14.3 

2000 200 14.1 

100 33 17.5 

200 67 17.6 

300 100 18.0 

500 167 18.1 

500 200 17.4 

1000 200 19.0 

2000 200 18.9 

The paranptcr was fit over the range of secondary energies 

between ^ eV and E 
max 
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Table II. Corparison of observed ejected electron spectrum 

shape parameter (E) with corresponding Ionisation pocential (I). 

Gas               I E E/I 

He              24.6 15.8 .64 

Ne              21.6 24.2 1.12 

Ar              15.7 (10.0) (.64) 

Kr              14.0 (9.6) (.69) 

Xe              12.1 (8.7) (.72) 
*   » 

H,              15.4 8.3 .54 

N2              15.6 13.0 .83 

02              12.2 17.4 1.43 

CO              14.1 14.2 1.01 

SO               *>.? 13.b i.4J 

H20             12.6 13.0 1.03 

KH,             10.1 10.8 1.07 
j  • 

CH.             13.0 7.3 .56 
4 

C2H2             11.6 10.0 .86 

C02             13.8 13.8 1.00 

The fits of our standard function to the Ar, Kr, and Xe spectra 

were poor; consequently, the values of E are not very significant 

for these gases. 
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Atoralc Interaction Theory (Dr. S. Gtltaaa and Mr. M. B. Hidalgo) 

Fin-? structure tmnstttons In alkali-rare gas collisions. The intra- 

2 
multlpleC transitions in the first  P state of alkali atoms induced by 

thermal ccllisions vlth rare gas atoms have been studied in a semi-classical 

theoretical treatment.  The trajectories for the relative motion have been 

represented by hard-sphere collisions with the hard-sphere radius r  taken 

as an adjustable parameter to attempt to fit the precise experimental 

measurements of Gallagher '  for the depolarization  (jm " T 7 ** 7 " f) 

13 3 
and inelastic (j ■ "T ■*" j")  cross sections.  Previous theoretical treatments 

have all used undistorted straight line trajectories and have yielded cross 

sections which were reasonable for the lighter alkalis but as much as 100 

or 1000 too high for Rb and Cs. 

The basis set of states was taken to be the six jm  states of the 

alkali doublet.  The effective interaction potential (averaged over alkali 

radial coordinates), which contributes to the fine structure transition, 

has the asymptotic van der Waals form 

<v> S<*JL Y  6 
large R  „6  20 

where a is the rare gas polarizability.  We have evaluated higher terms 

-8     —10 
in the multipole expansion (R  and R  ) and found that, due to the 

multipolc expansion being asymptotic rather than absolutely convergent, 

it was not practical to include them in our effective potential.  Instead 

we joined the above van der Waals form to a short-range form given by the 

electrostatic field of the rare gas atom, as given by the Clement! tabu- 

latlons of Hartree-Kock wave functions. 



r„ 
-20- 

With the above constructed effective potential and model trajectories 

the 6 coupled equations are solved numerically to obtain the  transition 

amplitudes.     The result for the calculated depolarization and inelastic 

cross sections is given in Fig.   1 for Rb-Kr.    Notice that there is a urlque 

value of    r     Q 13.5 a )    for which both experimental cross sections can be 

obtained from our theoretical model.     In the table below are the results 

we have obtained for    Rb and He,  Ne,  and Kr.    The simultaneous fitting of 

the depolarization and inelastic cross sections for the    He and Ne    cases 

is not as satisfactory as in the    Kr    case, but close enough to verify the 

essential correctness of our model for  the process. 

Collection of Results for Rb 

ro/ao 
a(l/2 - 3/2) a(l/2 1/2 ■+ 1/2 - 1/2) 

Pair -2t 
Expt/Ä Present/A 

o2tt 
Expt/A 

"2 
Present/A 

Tvb-He 6.9 .5 2 
7.6 - - 9 9 

** 
Rb-Ne 10.1 .07 .66 _ _ 

10.3 - - 6 6 

** 
Rb-Kr 13.5 .7 .7 10.6 10.6 

* 
v = 3 • < 10 cm/sec 

v = 2 x 10 cm/sec 

tt 

t-Gallagher (Ref. 2) 

Gallagher (Ref. 1) 
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A Coulomb-projected Born approximation for high energy collisions. 

In the description of a collision of a charged particle (p) with a hydrogen 

atom (e + n) the usual Born approximation for the T-matrix is of the form 

TD = <PJV  + V  |P.> , 
B    f pe   pn1 i  ' 

where P.   represents an initial and final plane wave state.  In the 

Coulomb-projected ^orn (CPB) approximation the V   interaction is in- 

cluded in the unperturbed part of the problem so that 

^PB-^flV'V ' pe 

where Cf is a Coulomb wave final state. 

We have applied the CPB approximation to two cases of fundamental 

interest in atomic collision physics - (1) proton-hydrogen atom charge 

transfpf   and    (?)    plprtfrm   iirmar-»-   hiTrlmvo-n    arnrn   eXC'.^StlOIl.       The   chaTCO 

transfer result has been compared in detail with two of the previous 

standard treatments, those of Brinkmann and Kramers and of Jackson and 

Schiff.  We find the high energy limiting form o^pg TT^; »810 aBK, as 

com.<'.red with aTri ^—> .661 ct,,. One advantage of our results over the 
' JS E->"      BK ö 

Jackson-Schilf result is the absence of an anomalous back scattering peak. 

There is not enough data to establish the high energy form of the cross 

section experimentally. 

In our second application of the CPB approximation we have evaluated 

the lr. ■>  2s, Is -> 2p, Is -> 3s excitation cross sections of the hydrogen 

atom by electron impact. This application uses an attractive Coulomb 

wave while our first application used a repulsive Coulomb wave.  In the 

Born approximation of this process the V   term in T  has a vanishing 

contribution due to the orthogonality of the initial and final atomic 

states.  However, in T    the incident electron-proton Interaction is 
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included in the Coulomb wave Cf. Our general result is that thj CPB 

total cross section approaches the Born total cross section at high energies. 

However, we find significant differences in the differential cross section 

at large angles, and these differences persist to the high energy limit. 

This is illustrated in Fig. 2 where we compare results for the 

n ■ 1 ->■ 2 excitation of hydrogen with experimental values of Williams. 

Note that while the two theoretical approximations agree at small angles 

(so that total cross sections will coincide) there are order-of-magnitude 

differences at large angles, with the CPB result reasonably close to 

experiment. This casts doubt on the validity of the Born approximation 

8 

for large angle differential cross sections even in the high energy limit. 

1. A. Gallagher, Phys. Rev. 157. 68 (1967). 

2. A. Gallagher, Phys. Kev. 172, 08- uy68). 

3. H. Mandelberg, Proceedings of Conference on Heavy Particle Collisions, 

Belfast 1968, p. 177. 

4. E. dementi, Tables of Atomic Functions (IBM Corporation, 1965). 

5. H. C. Brinkmann and H. A. Kramers, Proc. Acad. Sei. Amsterdam 33, 973 

(1930). 

6. J. D. Jackson and H. Schiff, Phys. Rev. 89, 359 (1953). 

7. K. G. Williams, in Sixth International Conference on the Physics of 

Electronic and Atomic Collisions: Abstracts of Papers (MIT Press, 

Cambridge, Mass., 1969). 

8. Papers in preparation:  "A High Energy Approximation. 

I. Proton-Hydrogen Charge Transfer" and 

"II. Hydrogen Atom Excitation by Electrons." 
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IV.  Electron-Atom Collisions 

Project Coordinator: Dr. S. J. Smith 

Excitation of Ions by Electron Impact (Dr. G. H. Dunn, Dr. W. E. Kauppila and 

Mr, P. 0. Taylor) 

Measurements are being made in crossed beams of the cross sections for 

the processes: 

1) Ca+(4S) * e - Ca+(4P) + e 

Ca+(4S)  - Ca+(4S) + hv(3965Jl and 3934A) 

2) Ba+(6S) + e -» Ba+(6P) + e 

Ba+(6P) ♦ Ba+(6S) + hv(4934Ä and A554X) 

3) N,+(X
2

EB
+
) ♦ • ■» i/aV *) ♦ e 

N2
+(B2ru

+) - X2
+(X2Ig

+) + hv(39UA) 

Pol«rlSAtlen of the r;cultir.t rziiziizr. is  also b-ir^j »»««.«..rp^. 

Beams of Ca and Ba  are formed by surface ionization of the respec- 

tive atoms, thereby precluding the metastable D levels from the beam.  Ions 

of N»  are formed by electron bombardment of Nj. The ion beam of about 

500 eV energy Is crossed at right angles with a magnetically confined elec- 

tron beam and the resultant radiation Is observed along the third orthogonal 

axis through a lons-intcrference filter-photomultlpller system.  Chopping of 

the two beams and appropriate gating of the two sealers used allows one to 

separate signal from background and to identify and eliminate spurious ef- 

fects.  Cross sections are obtained from the beam nagnitudes, their spatial 

overlap, and the observed signal. Polarization Is measured using a polarold 

with Its axis placed alternately parallel and perpendicular to the electron 

bean axis. 

+ + 
Preliminary r.casurcrents have been made with    Ca    and N?     (reactions 
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1 and 3).  Figure 3 shows polarization ceasurements for the H and K lines 

of Ca  and also shows calculations of Saraph using close-roupllng matrix 

2 
elements of Burke and Moores.  Hie agreement of experiment and theory is 

considered good,  figure ^ shows the cross section for excitation of the 

H and K lines as a function of electron energy normalized to Burke and 

2 
Moores calculation at their highest energy.  (Such normalization is consi- 

dered as a reasonable interum procedure un the basis of the good agreement 

between measured polarization and the close-coupling related calcnlated po- 

larization.) 

Also shown in the figure are uppublished distorted wave calculations 

made by Alan Burgess in this institute recently.  A semlclasslcal estimate 

by Burgess of cascade effects is also shown. 

Figure 5 shows preliminary results for 391AA excitation of N, .  These 

metfsureiuenl» differ by up to a factor of 23 with the lesulcs of lee «ad 

3 
Carlcton.  It is clearly important to get better measurements, since if 

Lee and Carleton's values arc correct, this is an important electron energy 

loss process in disturbed atmospheres. 

Presently preparations are being made to make the measurements on an 

absolute basis, so that no recourse need be made to normalization.  For 

this, a moveablc point source has been built and is bring compared with a 

copper-point black body.   It will be used to nap out the absolute photon 

sensitivity of the apparatus as a function of position, which will then have 

to be folded with the beam current distributions to obtain cross sections. 

Development of these procedures is preceding satisfattorily. 
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1. H. E. Saraph, private communication (1970), to be published. 

2. P. r,. Burke and D. L. Moores, J. Phys. B 1, 575 (1968). 

3. A. R. Lee and N. P. Carleton, Phvbics Letters 27A. 195 (1968). 

4. R. D. Lee, NBS Technical Note 483, May 1969. 

Electron~Ion Recombination (Dr. F. L. Walls, and Dr. G. H. Dunn) 

A new technique is being developed for the study of electron-ion colli- 

sions.  First studies are of the dissociative recombination of electrons and 

«,♦. 

The N.  ions will be formed and contained in an axially symmetric qua- 

drupole ion trap of the Penning variety.  The stored gas of N0  will be 

irradiated with a beam of electrons and the number of remaining ions vs time 

measured. The absolute number of ions, their spatial distributiv , the elec- 

tron bean intensity, and its spatial distribution will be measured using a 

Bendix Spiraltron Bundle Detector. These measurements are sufficient to de- 

termine the cross section for a given electron energy and distribution of ^.on 

vibrational levels. 

The apparent advantages of this approach over earlier ones are: The 

translational motion of the stored ions can be coupled to a suitably tuned 

LC circuit allowing one to :;on-destructlvely monitor the number and the trans- 

2 
latin.in 1 temperature o£ the stored Ions.   This process, coupled with k>n-Ion 

collisions, also causes the translational motion and the occupation nurabors 

for the vibrational levels of N»  to assume a Roltzmann distribution corres- 

ponding to the noise temperature of the LC circuit. The noise temperature 

can be easily manipulated cither electronically or with an external heat bath. 

This allows one to separately investlcate the effects of the interaction en- 

ergy (which is primarily drternined by the electron enerp.v) and the distnbu- 
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tion of occupied vibratlonal levels, on the cross section. 

An ion trap and vacuum system have been built.  The vacuum system has 

a base pressure of apprc::lrately 3 ^ 10   torr equilvalent N- pressure 

as measured on a GE Triggered Discharge Gauge. Vacuums of this order of 

magnitude are required to minimize ion losses from ion-residual gas collis- 

3 
ions. The electron gun functions according to design theory and delivers 

about 5 x i0~  amps at 100 mV FUTW.  Straightforward revisions are being 

made which should give greater than 10"  amps at 25 mV rWHM. 

The MXfi step is to investigate the storage and manipulation of N*. 

gas in the present trap.        • 

1. H. G. Dehmelt, Advances In Atomic and Molecular Physics (Academic Press, 

Inc., New York, 1967), Vol. 3, p. 53. 

2. H. G. Dehmelt and F. L. Walls, Phys. Rev. Letters 21, 127 (1968). 

3* Electron gun similar to one described by A. Stamatovich and G. J. Schulz 

Rev. Sei. Instr. 41, 423 (1970). 

Electron Collisions with Metastflblc Atoms (Dr. G. H. Dunn and Dr. W. E. Kauppila) 

Preparations have been made to study the processes: 

e + H(2S) -•■ H+ + 2e 

e + H(2S) - H+ + c 

ll+ - H + hv 

The experiment Is a? follows. A beam of protons from a duo-plMMtron source 

charge tiv.nsfcrs In a co-iiu., cell to give mctastable atons. The meta stable 

atom beam Intcasfty Is measured by photolonl^ation with an N'  laser. The 

known mctastable atom beam is crossed with a variable energy election leam 

and resultant protons and photons arc detected and measured.  Relevant cross 
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sectlons can then be computed. 

The ion source is built and tested, the N- laser is built and testedj 

and the charge transfer chamber has been built. These components must be 

used vith the ion beam machine being used for excitation studies discussed 

in the previous section, and further progress with the experiment awaitc 

termination of that work. 

Electron Impact Excitation of Hydrogen (Dr. S. J. Smith and Mr. A. H. Mahan) 

This electron-hydrogen atom crossed beam experiment utilizes a solar- 

blind photomultiplier with an oxygert window to detect Lyman-a photons emitted 

from the interaction of the crossed beams. If the interaction region is 

field-free (except for small space charge fields and residuals of the shield- 

ed maenetic field of the earth) the Lyman-a observed is attributed to radia- 

tive decay from the short-lived 2p state of atomic hydrogen. In this work 

we have introduced a radio-frequency field tuned to the 2P. - 28^ interval 

(Lamb shift) to mix the two states and provide a mechanism for quenching the 

(2S, ) metastables. With the rf field turned on, the observed Lyman-a flux 

contains components due to excitation, both direct and by cascades, into 

the 2S,  state. With appropriate attention to the quenching efficiency, the 

ratio of signals vith    rf on and rf off can be used to obtain the ratio of 

the 2s to 2p excitation cross sections.  In these measurements the mass 2 

hydrogen Isotope, (deuterium) was used to simplify the quenching problem which 

is dependent on hyperfine structure. 

This ratio was studied at energies ranging from threshold to 500 eV. 

By synchronising the sealer gates with a rotating atom beam chopper photons 

were counted in two  channels, representing background gas excitation and back- 

ground plus beam excitation.  In order to obtain the 2s/2p ratio with stat- 

istical accuracy of 5 to 10%, approximately 10 counts (requiring approxi- 
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mately an hour of data collection) '..'ere necessary at each energy. 

As a by-product of this work an excitation cross section for H(2p) is 

obtained with a statistical accuracy of a fraction of a per cent. Since 

these measurements were carried out to 500 eV (our previous 2p measurements 

extended only to 200 eV) we expect them to provide a very valuable check on 

the validity of the Born approximation and other theoretical methods. 

We are presently preparing these results for publication, probably in 

The Physical Review. The work will also be discussed in a contributed paper 

at the Washington meeting of the American Physical Society.  Figures 6 and 7 

show these 2p and 2s excitation results in comparison with recent pseudo- 

state calculations by Burke and Webb, and with experimental results of 

2 3 
McGowan et al.  (for 2p) and Kauppila et al.  (for 2s). Our 2s cross sec- 

tion is scaled through our measurement of the a(^s)/aUp)  ratio to a nor- 

malization to the Born approximation for the 2p excitation cross section; 

the ratio is on the basis of a preliminary evaluation of the quenching effic- 

iency. 

The rf quenching technique described above was also used for an abso- 

lute measurement of the cross section for the dissociative excitation process 

e + D2 -► D + D(2S, ) + e 

This measurement was accomplished by filling the vacuum apparatus with a 

static pressure of deuterium gas.  Careful measurement of the gas pressure 

using a McLeod gauge (exhaustively studied and corrected for secondary ef- 

fects), and absolute calibration of the Lyman-a detector lead to a value for 

-18        2 
the cross section of 3.3 x 10   (+20%) cm at 39 eV.  The relative cross 

section was also measured.  This work was carried out by Mr. Donald Cox, and 

is described in full in his Ph. D. thesis.  This work is also being prepared 

for publication in The Physical Review. 
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On conpledon of Che Lynan-x \;ork Che apparaCus was modified for a 

rather sophisticated stud-- of die Balcer radiacion excitaCion by electron 

Impact.  Fast modulation of Che electron bean is Co be used Co allow time 

resolution of components of Che Balmer radiacion arising in states of dif- 

fering mean llfeCimes. This will allow separation of cascade componencs 

and may allo. resolution of Che Balmer-i components arising from s, p and 

d scaces of Che n ■ 3 shell. This work is being conducted as Chesij re- 

search by Mr. Harvin Kahan. Background light levels have been reduced Co 

permit dc measurements of Balmer-a excitation. 

In a preliminary measuremcnC with a dc electron beam we measured Che 

cross section for excitation of the Balmer-a line at energies ranging from 

IS to 500 eV. The atomic hydrogen beam was produced by thermal dissocia- 

tion of molecular hydrogen at approximately 2500oK; the electron source 

was a Soa type gun of half-width 0.35 eV. Observations were made at 90° to 

the electron beam axis. The present data are not corrected for cascading 

or polarization. The results are higher than those of Kleinpoppen and 

Kraiss at energies below 50 eV, but agree well at higher energies. Our 

results also are in fair agreement with the calculations of Morrison and 

Rudge. 

Electron-Alkali Atom Scattering (Dr. S, J. Smith, Dr. M. V. McCusker, and 

Mr. D. Hils) 

Toward the end of the period covered by this report the first extensive 

data runs were carried out in a measuremsnt of the polarization of electrons 

scattered from a polarized alkali atom beam. The appara-ur. is shown schema- 

tically in Fig. 8" The atom beam, presently potassium, is formed by thermal 

effusion through an orifice. It is chopped and then passed through a hexa- 

pole magnet which  throws out  one component of the polarization  and  focuses 
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Che other.  In the region beyond the hexapole magnet a very weak but well- 

defined magnetic field, as low as 10 raG, maintains the directional polariza- 

tion along the axis of the atom bean (but at « decreased value of polariza- 

tion because of hyperfine coupling) throughout the region of interaction 

with the electron beim. The electron gun, mounted on a rotating table, op- 

erates transversely to the polarization axis.  Electrons scattered into a se- 

lected angle in the plane perpendl :ular to the atom beam axis are collected, 

run through a filter lens to remove inelastically scattered electrons, and 

accelerated to 10 kV. Two surface barrier lithium drifted detectors are used 

to measure the asymmetry of scattering from a gold foil (Mott effect). 

Pulses are light piped out of the high voltage region and sent into four 

sealer channels, two for each detector being synchronized to the chopping of 

First data are being taken at 40s, and at about 4 eV electron energy. 

The objective is to provide a teat for recent close coupling calculations by 

7 8 
Burke and Karulc, which predict strong angular dependences and energy "rcs- 

onancps" in the polarization.  The data should therefore provide a sensitive 

test of the theory.  As of this date we have made a preliminary measureraont 

of electron polarization at one angle (40*) and one energy (3.5 eV), A value 

of  |fj /o ■ 0.85 ± 0.1 has been computed trom this measurement. 

We also plan to make careful measurements of the angular distribution 

for elastic scattering.  The ease and accuracy with which this Is done is 

illustrated in the data show» in Fig. 9.  VJe have made measurements at se- 

veral scattering angles between 15e and 87°; the counting time was dctcrnincd 

by observing the accumulation of charge from the alkali beam detector on an 

electrometer and turning off the. sealers iranually after the charge reached 

an arbitriry level. No compensation or manipulation of the data of any sort 

was done.  Despite the crudeness of these methods the data shov: remarkable 
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agreement with the theoretical computarlon of Karule (also shown In the fig- 

ure). Our data were normalized to Karule's curve at 9 ■ 60°. 

1. P. G. Burkoj and J. T. Webb, Phys. B 3, L131 (1970). 

2. J. W. McCovan, J. F. Williams and ■:. Curley, Phys. Rev. 180. 132 (1969). 

3. K. E. Kaupplla, W. R. Ott, and W. L. Flte, Phys. Rev. A i, 1099 (1970). 

4. D. Cox, Ph.D. thesis. University of Colorado, 1970 (unpublished). 

5. H. Kleinpoppen and E. Kraiss, Phys. Rev. Letters 20, 361 (1968). 

6. D. J. T. Morrison and M. R. H. Rudpe, Proc. Phys. Soc. (London) 89, 45 

(1966). 
> 

7. P. G. Burke and J. Taylor, J. Phys. B 2^ 869 (1969). 

8. E. Karule, JILA Information Center Report #3, University of Colorado, 

Boulder, Colorado 1965 (unpublished). 

Collisional Relaxation Mechanisms (Dr. P. L. Bender and Mr. R. Brill) 

Work has been going on for some time to try to obtain nuclear oricn- 

129 • 
tation in the ground state of Xe   by optical pumping with the 1470A 

resonance line. The method used involved circular polarization of the 

light by Brewster's angle reflection from a LiF plate followed by passage 

through a stressed LiF quarter-wave plate. MgF or LiF windows were used 

on the lamp and sample, and the entire optical path had to be in vacuum 

to present absorption of the light by air. 

The purpose of the work has been to try to study relaxation of the 

129 
Xe   nuclear magnetic moment by collisions with the walls of the sample. 

Each tine that the atom hits the walls it sticks for a short tine before 

re-cvaporating, and some relaxation occurs during the sticking time.  Re- 

laxation times of up to 100 sec had been obtained at the Ecole Normale 
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Superleuie in Paris for Hg atoms in heated quartz samples.  It was ex- 

pected that the more inert Xe atoms would stick to the walls for a shorter 

time and give a longer relaxation time. 

The measurement of long relaxation times in Xe would open up the 

possibility of an imprüved spin-precession gyroscope. Such gyroscopes 

require the accurate measurement of precession frequencies for two differ- 

ent isotopes with different nuclear moments. From the two different fre- 

quencies one can determine both the magnetic moment at the sample and the 

3 
rate of rotation of the apparatus with respect to inertial space. He 

has a 10 sec or greater relaxation time, but the accuracy of the device 

would be limited by the relatively short relaxation time cf the Hg or other 

second species which was used. Obtaining long relaxation times with Xe 

would also permit a more accurate check un the isotropy of inertial pro- 

perties of matter. 

129 
Unfortunately, the direct approach to optically pumping Xe   has 

not been successful. Apparent signals indicating orientation were obtain- 

ed, but it was not possible to reproduce them later. A number of impro- 

vements in the apparatus were made which decreased the noise level, but 

no signals were obtained after this.  Checks were also made to see that 

the various parts of the apparatus were operating as expected.  It thus 

appears that the xenon atoms may be getting relaxed considerably more 

rapidly than expected. Because of the. ultraviolet transmission require- 

ment for the sample cell, it was unfortunately not possible to use a cell 

made simply of pyrex or quartz. A pyrex cell with LiF windows attached 

by epoxy was used, and relaxation on the epoxy or LiF may have reduced 

the relaxation time to below the observable level. 
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In vie-./ of the difficulties experienced in obtaining any signal at 

all by convenentional optical punping, the prospect for using Xe in a 

gyroscope or for the isotropy of inertia experinent seem snail. However, 

before stopping work on the project it seened worthwhile to try one al- 

ternate approach to see whether a short relaxation tire was really the 

problem.  In a fairly strong magnetic field, Lehmann has shown that 

inequalities in hyperfine coupling can lead to an asynnetr/ in the pump- 

129 
ing by right and left circularly polarized light. For Xe   the pumping 

is enough more efficient at 400 G so that a net 20% pumping efficiency 

with unpolarlzed light should be achieved.  The high field method was 

not tried earlier because it would not be attractive for use in the de- 

sired applications. 

The high field method has several experimental advantages. Host 

important, the removal of the space-consuming and inefficient polariza- 

tion optics allows the lamp to be moved up close to the cell, thereby 

effecting, roughly, a three order-of-magnitude increase in light flux 

increase in the pumping rate, plus the lower relative shot noise level, 

should i.uike it possible to see optical pumping effects despite telativcly 

short relaxation tines. Also, the difficult quarter-wave plate adjustment 

is eliminated. 

Preliminary attempts were made during the period covered by this 

report to produce an orientation by optical pumping in a A0 G magnetic 

field.  This would give a theoretical punping efficiency of about A% for 

equal intensities of the F ■ 3/2 and 1/2 hyperfine components of the res- 

onance line.  A portion of the transmitted light through the cell was ob- 

served with a solar-blind photomu]tipllcr.  An rf field at the ground- 

state Zeaman frequency was switched on and off to destroy the orientation, 
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and a signal at Che switching frequency was looked Cor with a synchronous 

detector. No signal was observed under conditions where a change of a 

few parts in 10,000 in the transmitted light would have been detectable. 

The interpretation of transmitted light experiments is now being In- 

vestigated. The orientation produced in the sample and the sensitivity 

of the transraitted light to the orientation need to be calculated for the 

actual case where the hyperfine component intensities are different. The 

results must then be integrated over the length of the sample. If the 

calculations indicate that transmitted light measurements have good sen- 

sitivity, the experiment may be repeated in a higher magnetic field. 

Otherwire, a decision will have to be made on whether it is worthwhile to 

change the experimental setup so that scattered light can be observed. 
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V.  Radiation Processes 

Project Coordinator: Dr. A. C. Gallagher 

CcUislonal Radiation (Dr. A. C. Gallagher) 

Measurements of the far wing emission spectrum of Cs resonance 

lines broadened by Inert gas collisions have been completed. Wing in- 

tensities from 100 to 1000 cm" from line center are measured relative 

to the Intensity at the line center for optically thin Cs excited by 

0. and D2 lines from a resonance lamp in the presence of 100 - 400 torr 

inert gas over a temperature range of 300 - 8008K. The data are being 

analyzed in terms of the quasi-static theory of line broadening. Pro- 

vided there is a single valued relationship between the potentials for 

2  2 
the excited states (A n,B 1) of the cesium-rare gas molecule and the 

(Iiriet«iuv.ea uclwecu Lwwot ^rdtfi&kl&ls zr.i  th- grcur.d ct^te potential 

2 
(X l), the temperature dependence of the wing intensities can be rela- 

ted to the distribution in energy and Internuclear separation of atoms 

in  the excited scate.  Such a uniqueness is predicted by Baylis's poten- 

tials, so that it is possible to derive the A, B, and X potentials from 

these experimental results.  Differences in the distribution functions 

in energy and internuclear separation for binary collisions and for bound 

molecules indicate that- at the pressure of these experiments the vibra- 

tional populations of the (Cs Xe)* and (Cs Kr)* reach equilibrium dur- 

ing the radiative lifetime.  Analysis of these data will continue during 

the next report period.  In addition, we will begin measurements of the 

far wing emission of rubidium resonance lines broadened by rare gases. 

Rubidium is of particular interest because the larger signal-to-noise ratio 

available using recently available photonultipliors will allow mpasurc- 

ments at lower rare gas densities where relaxation effects anonß the vibra- 
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tional states of the excited rubidium rare gas molecule may become obser- 

vable. 

Electron Excitation of Metal Atoms (Dr. A. C. Gallagher and Mr. E. 

Enemark). Measurement of the energy dependence of the polarization and 

the apparent electron impact excitation function for the sodium 3s - 

3p transition has been completed using a crossed beam apparatus.  The 

incident electron energy range extended from threshold (2.1 eV) to 1000 

eV and the electron energy spread was about 0.3 eV. The polarization of 

the unresolved doublet radiation (5890 - 96A) was measured to an accuracy 

of a few percent. The measured polarization is in agreement with the 

logarithmic approach to the polarization limit at infinite energy as cal- 

2 
culated by Percival and Seaton.  Our results also agree with the caicu- 

, ,,  , 3 lätcu   tiC/lai'lÄ.at.lOlt    vdlue   uX   Kctllilc      licai.    clli'tsiliulu.       Ali-ci'   op^x^a-ii^   yu- 

larization and 5-6% cascade corrections, the excitation cross section 

for the 3p s*-'.te was found to vary with energy at energies above 250 

eV as expected for an optically allowed transition with an oscillator 

strength of 0.9. By normalizing to the first Born approximation at en- 

ergies above 250 eV, fairly good agreement is found with the low energy 

cross sections of Karule and Peterkop.  The cross section passes through 

—16  2 
a broad maximum of A3 x 10   cm at energies between 7 and 10 eV. 

1. W. E. Baylis, J. Chem. Phys. 151, 2665 (1969). 

2. I. C. Percival and M. J. Seaton, Phil. Trans. Roy. Soc. (London) A251 

113 (1958). 

3. E. M. Karule, J. Phys. B, Atom. Molec. Phys. 3, 8601 (1970). 

4. E. M, Karule and R. K. Peterkop, in Atomic Collisions III (V. Ya 

Veldrc, Ed., Akad. Nauk. Latv. SSR Inst. Fiz., Riga, 1965) p. 3. 
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Negatlve Ion Studies (Dr. J. L. Hall, Dr. R. J. Celotta, and Mr. R. Bennett) 

In order to fully establish the initial and final vibrational states 

of the photodetachment transitions ve have observed in NC  and 0» we have 

used three techniques.  The first was to measure the anharmonicities in the 

observed energy levels and correlate these with the neutral, spectroscopically 

derived levels. This measurement required an analysis of the small systematic 

effects present in the electron monochrometer and has been described in pre- 

vious reports.  The second technique involves the use of computer generated 

Franck-Condon factors which link the negative ion and neutral wave functions. 

It is possible to arrive at transition state assignments by observing that the 

relative intensities of neighboring transitions would be best explained by a 

particular choice of state assignment for any realistic negative ion potential. 

Some re£iiiämeuLb oi tiixs cechnique have been made during the past six months 

but the most progress has been made on the third independent method of tran- 

sition determination, that of isotope shifts.  By using isotopes of the nega- 

tive ion with the same electronic structure but different reduced masses it 

is possible to change the vibrational energy levels in an easily calculable 

way.  By measuring the change in outgoing electron energy from a single tran- 

sition for two different isotopes, it is possible to determine the transition 

state assignments.  To accomplish this experimentally, a programmer was con- 

structed which switches the ion mass under study and the monchrometer trans- 

mission energy every 8.3 msec.  xhe resulting photodetachment spectra are 

digitally accumulated ancj the measurement of the small isotope shifts can he 

accomplished.  During the past six months the programmer has been used to 

make precise measurements of the isotope shifts for two transitions in NO 
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and two in CL. These measurements confirmed our previous state assign- 

ment. 

Additional experimental work was performed to measure the angular dis- 

tributions of outgoing photoelectrons. The expected angular distribution 

is of the form 1 + ßP2(cos Q) where P2 is the Legendre polynomial and 0 

is the angle between the electric field vector of the light and the electron 

collection direction. The asymmetry parameter, (3, can take on values from 

2 2 
+2 (a pure sin Q distribution) to -1 (a pure cos 0 distribution).  By mea- 

suring the value of ß for each final vibrational state we obtain the var- 

iation of 3 as a function of outgoing electron energy.  For the NO and 0„ 

ions ß tends to be near -1 for photon energies a volt or so above threshold. 

We have measured the angular distributions corresponding to each transition 

in Oj    during the pact six months. 

Additional work has been done to calculate the final corrections re- 

quired to produce electron affinities for CU and NO. While very small cor- 

rections are still to be finalized, the present values and their error es- 

timates are, 

EA(02) = 0.A25 + .030eV      EA(NO)  =  .022 ± .020oV 

ü) (0") = 1089 cm" U^CNO
-
) = 1472 cm" 

r (0") = 1.341 ±  .010A      r.CNü") = 1.258 + .010 

Figure 10 shows the 0„ internuclear potential we have derived from our 

experiments.  The energy levels shown as solid lines are the initial and 

final states of cur observed transitions. 

We are in the process of preparing a rather lengthy paper on our photo- 

detachment technique outlining in great detail the finer points of the pro- 

cedure and the data analysis.  In addition, we have been lookin)1, at the 
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negative ions, KH„, S , SO , and SO».  V.'e find that the reported electron 

affinity for NH9, 1.2eV, is most probably wrong and that the true value 

seems to be .770 + .G5eV.  The SO ion will most likely be the next system 

we study and we shall then try to extend our analysis technique to tri- 

-jtomics and study S0„. 
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Oscillator Strengths and Transition Probabilities  (Dr. R. H. Garstang) 

Calculations have been continued on transition irobabilities of 

forbidden lines of a number of atoms and ions of particular Interest.  One 

atom studied, which had never been studied previously for this purpose, was 

Fe I.  Calculations were desired in part because the electron configurations 

6  2        7 
involved were 3d As  and 3d As,  and no studies had been made of for- 

bidden atomic transitions in any atom or ion involving these two configur- 

ations. The results would also find application to the problem of the 

fi  ? 7 
solar iron abundance.  The interaction between the 3d As  and 3d As 

configurations was included, as wall as the usual spin-orbit interactions. 

When the transition probabilities had been obtained they were used to 

predict the equivalent widths of [Fe I] lines in the solar sunspot spectrum. 

A search for the strongest lines was made on spectra taken especially for 

this purpose at the Kitt Peak National Observatory.  Two of the lines were 

possibly detected, the others being blended or otherwise not observable. 

The strengths of these two seem to confirm the high solar abundance of iron 

2 
which had been previously found on the basis of Garstang's transition 

probabilities for [Fe II] and on the basis of the Kiel f-values for Fe I 

and Fe II. Apart from its astronomical significance, we note the wide 

implication of these results, that there appear to be no gross errors in 

the absolute scales of the transition probabilities of forbidden lines. 

3 
While checks of their absolute values were previously available only for 

[0 I] and for certain heavy elements (e.g. [I I]) the additional check for 

an atom in the middle of the Periodic Table is a valuable one to have done, 

and increases our confidence in the calculated values for any element. 

1. N. Grevessc, H. Nussbaumer, and J. P. Swings, Monthly Notices Roy. 

Astron. Soc. (in press). 



2. R. H. Garstang, Monthly Notices Roy. Astron. See. 124. 321 (1962), 

3. R. H. Garstang, Ndm. Soc. Roy. Sei. Li&ge, Ser. V, 17_, 35 (1969). 
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Manuscrlpts Involving ARPA Funds 

Listed below are papers submitted for publication during the 

period covered by this report.  Co-authors not connected with JILA are 

shown in parentheses. 

T. F. Adams, G. B. Rybicki, and D. G. Hummer, "Numerical evaluation of 
the redistribution function FII-A(

>:
» 

X
') 

and of the associated 
scattering integral," J. Quant. Spectrosc. Radiat. Transfer, to 
appear. 

W. R. Chappell and (R. H. Williams), "Density fluctuations in a magne- 
tized weakly ionized plasma," Phys. Fluids, to appear. 

J. Cooper, U. Palmer, and (G. K. Oertel), "Classical path A and B func- 
tions for line broadening of/positive ions," JILA Report No. 105 
(October 25, 1970). 

R. D. Hudson, "Critical review of ultraviolet photoabsorption cross sec- 
tions for molecules of astrophysical and aeronomic interest," Rev. 
Geophys. Space Sei., to appear. 

D. G. Hummer and b. h.   Rybicki, "RadiaLive transfer in bpaeiically nvm- 
mt-tric systems. The conservative gray case," Monthly Notices Roy. 
Astron. Soc, to appear. 

R. D. Hudson and L. J. Kieffer, "Compilation of ultraviolet photoabsorp- 
tion cross sections for atoms between 3000 and 10A," Atomic Data, 
to appear. 

H. Kleinpoppen, "Analysis of scattering and excitation amplitudes in 
polarized electron-atom collisions.  I. Elastic scattering on cue- 
electron atoms and excitation process  Swp to P1/2 3/?.." Phys. 
Rev. A, to appear. 

C. B. Opal, W. K. Peterson, and E. C. Beaty, "Measurements of secondary 
electron spectra produced by electron impact ionization of a number 
of simple gases," Phys. Rev. A, submitted. 

W. K. Peterson, C. B. Opal, and E. C. Beaty, "Energy and angular distri- 
bution of electronG ejected in Ionizing collisions of electrons with 
helium," J. Phys. B Letters, submitted. 

J. H. Shafcr, "Optical heterodyne measurement of xenon Isotope shifts," 
Phys. Rev. A 3, 752 (1971). 

E. E. Uzglris, J. L. Hall, and R. L. Barger, "Precision Infrared Zcoman 
spectra ol" CHit studied by laser-saturated absorption," Phys. Rev. 
Letters 26, 2S9 (1971). 


